The micromechanical behavior at grain contacts subjected to tangential and normal forces is of major importance in geotechnical engineering research and practice. The development of the discrete element method (DEM) over the past three decades necessitated a more systematic study on the experimental grain contact behavior of real soil grains as DEM simulations use as input tangential and normal load-displacement relationships at grain contacts. In this study, experimental results conducted at the City University of Hong Kong are presented exploring the tangential load-displacement behavior of geological materials. The focus of the study is to explore the possible effect of repeating the shearing test to the same grains on the inter-particle coefficient of friction accounting for the level of the applied normal load. Additionally, the study reports on the frictional behavior of different geological materials including quartz sand grains, denoted as Leighton Buzzard sand (LBS) in the study and completely decomposed volcanic granules denoted as CDV. Quartz grains may find applications as proppant in petroleum engineering, whilst the CDV granules consisted of a material taken from a recent landslide in Hong Kong, whose applications are related to debris flow. Through the micromechanical sliding experiments, the inter-particle coefficient of friction was quantified following shearing paths of about 60 to 200 microns. While at the smallest vertical load of 1 N, there was not observed a notable effect of the repeating shearing for the LBS grains, it was noticed that for small to medium vertical loads, between 2 and 5 N, the repeating shearing reduced the friction at the contacts of the LBS grains. This trend was clear between the first and second shearing, but additional cycles did not further alter the frictional response. However, at greater vertical loads, between 7 and 10 N, the results showed a continuous increase in the dynamic inter-particle friction for the LBS grains with repeating shearing. It was also noticed that at 7 and 10 N of vertical load, there was absence of a peak state in the tangential force-displacement plot, whereas a peak state was observed at smaller loads particularly for the first shearing cycle. These observations might be explained by the possible plowing effects at greater vertical loads which resulted in an increase of the inter-particle coefficient of friction when the shearing test was repeated. For the CDV granules, only the first shearing cycle gave a peak state and, in general, the effect of repeating the shearing was small but with an increase of the inter-particle friction from the first to the second cycle. Overall, during the repeating shearing the LBS grains had a dynamic inter-particle coefficient of friction that ranged between about 0.18 and 0.38, but the CDV granules exhibited much greater friction with values that corresponded to the steady state sliding that ranged between 0.54 and 0.66 . The observed trends in the study might be due to mechanisms that take place at the atomic level and the possible more pronounced distortion of the surfaces for the CDV granules which are much softer than the LBS grains.
Introduction
The quantification of the behavior of geomaterials at their contacts has been the subject of a few experimental efforts over the past decades. From the first works published in 1960s and 1970s, for example by Horn and Deere [1] or Procter and Barton [2] , to recent studies by Cole et al. [3] , Cavarretta et al. [4] , Senetakis et al. [5] [6] [7] or Nardelli et al. [8] some discrepancies with respect to the measured friction at the interface of geological materials have been noticed. Previous works had a particular focus on the development of laboratory apparatus quantifying the frictional response at the interface of geological materials, for example the studies by Cavarretta [4] or Yang et al. [9] . However, the inter-particle stiffness could not be captured in laboratory tests until the recent works by Cole et al. [3] and Senetakis et al. [6, 7] . This might be because of limitations of the capabilities of those laboratory systems to quantify micro-quantities at the contacts of grains which would require extremely high resolution of forces and displacements on the onset of about half a micron of shearing path. These difficulties were overcame in recent research works, for example the studies by Senetakis and Coop [10, 11] , allowing measurements of micro-quantities at very small sliding displacements to be conducted quantifying properly friction and stiffness of geological materials through grain-to-grain sliding tests.
Recent developments in discrete element modeling (DEM) of particulate media [12] necessitated more advanced experimental facilities to be developed in order to provide a quantification of variable properties at the grain scale. This would further advance modelers to develop, for example, more precise contact mechanics models [13, 14] . Thus, the development of micromechanical type facilities that allow experimental testing of small sand grains at their contacts following the sphere-sphere (or grain-to-grain) type became a necessity throughout the last years.
Two of the key properties at the grain scale are the inter-particle coefficient of friction and contact response at the interfaces of grains, with immediate applications in modeling the behavior and understanding the micro-mechanisms of granular materials [15, 16] . Other applications may be found in petroleum engineering technologies and the energy sector [9, 17] , deep ground engineering and geothermal engineering [18] as well as understanding energy dissipation mechanisms and damping in soils [19, 20] or understanding the mechanisms and modeling stability problems in geotechnical engineering, for example related to landslides [21] . Overall, the understanding of surface properties, processes, interactions and contact mechanics of geological interfaces may be considered as a fundamental step in a variety of problems and applications in geomechanics which are beyond the soil mechanics applications. As an example can be considered the study of fluid flow through the ground [22, 23] . In this case, the deformability and response of geological surfaces is crucial affecting partly the porous size and distribution of fractured and particulate media.
In this study, preliminary results are presented exploring the inter-particle coefficient of friction at the contacts of different types of geological materials which would find different applications in engineering practice. One type consisted of quartz sand grains which are typical materials used as fracturing proppant [9] . The second type consisted of a geo-material taken from a landslide which is closer to applications related to debris flows. In their previous works, Senetakis et al. [5, 6] and Senetakis and Coop [10, 11] investigated the behavior of quartz type grains subjected to repeating loading. In this paper, the study on the frictional response of geological materials and the role of repeating loading were extended conducting tests in a wider range of normal forces. This allowed a study into the possible effect of the magnitude of the applied confining force as well as the study of different types of geological materials with substantially different properties and morphological characteristics. On the other hand, the previous works exploring the behavior of sand grain contacts [5, 6] were more limited on that a narrow range of normal forces were considered.
Materials, Experimental Methods and Program

Materials
Two different geological materials were used in the study; Leighton Buzzard sand (LBS) which is a quartz sand of relatively smooth surface and consistent characteristics and completely decomposed volcanic (CDV) granules which are rougher and softer than the LBS grains. Senetakis et al. [5] quantified the root mean square deviation of the heights of the surface (roughness) denoted as S q using white light interferometry for the LBS grains. Based on a number of tests on a representative set of LBS grains, they reported an average value of S q equal to 0.38 microns. Scanning electron microscope (SEM) image of a typical LBS grain included in the study is given in Figure 1 (top image). The LBS grains tested in the study are relatively rounded with a size between about 2 to 3 mm. A close view of the surface of a representative LBS grain is given in Figure 2 (top image), which image was taken from SEM analysis which clearly indicated that the surface of the grain is relatively smooth. The CDV granules were taken from the bottom of a recent landslide in Hong Kong. SEM images of a representative CDV granule are given in Figures 1 and 2 (bottom images). These images indicated that the CDV granules have much rougher surface than the LBS grains, relatively angular shape and a size between about 2 to 3 mm for the particular grains included in this study. decomposed volcanic (CDV) granules which are rougher and softer than the LBS grains. Senetakis et al. [5] quantified the root mean square deviation of the heights of the surface (roughness) denoted as Sq using white light interferometry for the LBS grains. Based on a number of tests on a representative set of LBS grains, they reported an average value of Sq equal to 0.38 microns. Scanning electron microscope (SEM) image of a typical LBS grain included in the study is given in Figure 1 (top image). The LBS grains tested in the study are relatively rounded with a size between about 2 to 3 mm. A close view of the surface of a representative LBS grain is given in Figure 2 (top image), which image was taken from SEM analysis which clearly indicated that the surface of the grain is relatively smooth. The CDV granules were taken from the bottom of a recent landslide in Hong Kong. SEM images of a representative CDV granule are given in Figures 1 and 2 (bottom images). These images indicated that the CDV granules have much rougher surface than the LBS grains, relatively angular shape and a size between about 2 to 3 mm for the particular grains included in this study. 
Apparatus and Experimental Methods for the Micromechanical Tests
The apparatus used in the study for the micromechanical sliding tests was designed and constructed by Senetakis and Coop [10] and later upgraded by Nardelli and Coop [24] and Nardelli et al. [8] . An image of the apparatus is given in Figure 3 indicating some of its major components. This system works in three perpendicular directions, allowing two grains of sand size to be in contact under a controlled normal load and one grain is sheared over the surface of the other grain, following relatively small shearing paths of the order of about 50 to 300 microns. Typically, the normal (vertical) load is applied in a force-controlled manner and the shearing in the tangential to the contact direction is applied through a force-or displacement-controlled type [5] [6] [7] 10, 11] . Typical plots of the normal load (FN) against the horizontal (sliding) displacement during micromechanical tests are given in Figure 4 . The data demonstrate the excellent performance of the apparatus in maintaining stable magnitude of the normal load while the shearing test is in progress. Note that the particular example data illustrated in Figure 4 were conducted on pairs of LBS grains under a sliding velocity of 0.08 mm/h. It is also noticed, as also mentioned in [10] , that the apparatus is designed in a way that it can apply normal forces to the grain contacts of very small magnitude, in general in the range of 0.5 to 10 N, approximately. These forces are much lower in magnitude in comparison to the typical working loads in soil mechanics experimentation. This is because DEM studies have shown that the expected normal loads developed at the contacts of sand grains in typical geotechnical engineering applications and confining pressures between about 100 to 500 kPa, would be relatively small, in general less than 5 N [25] . 
The apparatus used in the study for the micromechanical sliding tests was designed and constructed by Senetakis and Coop [10] and later upgraded by Nardelli and Coop [24] and Nardelli et al. [8] . An image of the apparatus is given in Figure 3 indicating some of its major components. This system works in three perpendicular directions, allowing two grains of sand size to be in contact under a controlled normal load and one grain is sheared over the surface of the other grain, following relatively small shearing paths of the order of about 50 to 300 microns. Typically, the normal (vertical) load is applied in a force-controlled manner and the shearing in the tangential to the contact direction is applied through a force-or displacement-controlled type [5] [6] [7] 10, 11] . Typical plots of the normal load (F N ) against the horizontal (sliding) displacement during micromechanical tests are given in Figure 4 . The data demonstrate the excellent performance of the apparatus in maintaining stable magnitude of the normal load while the shearing test is in progress. Note that the particular example data illustrated in Figure 4 were conducted on pairs of LBS grains under a sliding velocity of 0.08 mm/h. It is also noticed, as also mentioned in [10] , that the apparatus is designed in a way that it can apply normal forces to the grain contacts of very small magnitude, in general in the range of 0.5 to 10 N, approximately. These forces are much lower in magnitude in comparison to the typical working loads in soil mechanics experimentation. This is because DEM studies have shown that the expected normal loads developed at the contacts of sand grains in typical geotechnical engineering applications and confining pressures between about 100 to 500 kPa, would be relatively small, in general less than 5 N [25] . A close-up view of the apparatus during the setup of experiment on LBS grains is given in Figure  5 . Note that the grains are set prior to the shearing test, with an apex-to-apex type of contact. This configuration has allowed the systematic study of grain contact stiffness [5] [6] [7] 10, 11] . Stiffness could not be captured, for example, with the previous design by Cavarretta et al. [4] . That previous apparatus could allow the grains to be initially positioned with their centroids forming an angle with respect to the horizontal. The design of this new generation micromechanical apparatus by Senetakis and Coop [10] with a number of upgrades over the recent years by Nardelli et al. [8] and Nardelli and Coop [24] , allowed the initial apex-to-apex configuration without major difficulties in capturing good quality tangential force-displacement test data. In addition, stick slip phenomena have been minimized [4, 26] , because of the high stiffness of the new apparatus in the different directions (i.e. direction of shearing, vertical direction and out-of-plane direction). Typical setup of CDV granules prior to the application of a shearing test is given in Figure 6 indicating the two major steps in conducting this type of experiments; (1) application of the normal (vertical) load and (2) shearing of the grains in contact. A close-up view of the apparatus during the setup of experiment on LBS grains is given in Figure  5 . Note that the grains are set prior to the shearing test, with an apex-to-apex type of contact. This configuration has allowed the systematic study of grain contact stiffness [5] [6] [7] 10, 11] . Stiffness could not be captured, for example, with the previous design by Cavarretta et al. [4] . That previous apparatus could allow the grains to be initially positioned with their centroids forming an angle with respect to the horizontal. The design of this new generation micromechanical apparatus by Senetakis and Coop [10] with a number of upgrades over the recent years by Nardelli et al. [8] and Nardelli and Coop [24] , allowed the initial apex-to-apex configuration without major difficulties in capturing good quality tangential force-displacement test data. In addition, stick slip phenomena have been minimized [4, 26] , because of the high stiffness of the new apparatus in the different directions (i.e. direction of shearing, vertical direction and out-of-plane direction). Typical setup of CDV granules prior to the application of a shearing test is given in Figure 6 indicating the two major steps in conducting this type of experiments; (1) application of the normal (vertical) load and (2) shearing of the grains in contact. A close-up view of the apparatus during the setup of experiment on LBS grains is given in Figure 5 . Note that the grains are set prior to the shearing test, with an apex-to-apex type of contact. This configuration has allowed the systematic study of grain contact stiffness [5] [6] [7] 10, 11] . Stiffness could not be captured, for example, with the previous design by Cavarretta et al. [4] . That previous apparatus could allow the grains to be initially positioned with their centroids forming an angle with respect to the horizontal. The design of this new generation micromechanical apparatus by Senetakis and Coop [10] with a number of upgrades over the recent years by Nardelli et al. [8] and Nardelli and Coop [24] , allowed the initial apex-to-apex configuration without major difficulties in capturing good quality tangential force-displacement test data. In addition, stick slip phenomena have been minimized [4, 26] , because of the high stiffness of the new apparatus in the different directions (i.e. direction of shearing, vertical direction and out-of-plane direction). Typical setup of CDV granules prior to the application of a shearing test is given in Figure 6 indicating the two major steps in Technical details of the apparatus and the major set of calibrations have been described in [10] with additional modifications of the mechanical and electronic parts described in [24] . An important component of the apparatus is the system of the three identical linear micro-stepper motors which are used to conduct the tests and control the vertical load. An image of one of the stepper motors is given in Figure 7 . Note that these motors have a micro-step size equal to 0.095 microns, a travel range of 16 mm and a maximum continuous thrust of 240 N. Further technical details of the micro-stepper motors may be found in Senetakis and Coop [10] . The apparatus is composed of high resolution load cells of a load capacity equal to 100 N [10] and non-contact type displacement sensors [8, 24] which allow a resolution of the displacements of the order of 0.01 micron.
The grains are initially glued onto brass mounts of about 10 mm in diameter. These mounts are fixed into brass wells, as described by Senetakis and Coop [10] with a lateral screw used to support the rigidity of the interface mount-well. Typical image of the brass mounts and wells is given in Figure 8 . Note that the free surface of the mounts is manufactured with a small groove which allows the grain to be better fixed onto the mount and the glue to cover properly the bottom and a part of the surface of the grain avoiding possible contamination of the top surface of the grain where friction and stiffness are measured. The typical configuration of the system mount-glued grain is schematically illustrated in Figure 9 (after Senetakis et al. [6] , modified by the authors). Technical details of the apparatus and the major set of calibrations have been described in [10] with additional modifications of the mechanical and electronic parts described in [24] . An important component of the apparatus is the system of the three identical linear micro-stepper motors which are used to conduct the tests and control the vertical load. An image of one of the stepper motors is given in Figure 7 . Note that these motors have a micro-step size equal to 0.095 microns, a travel range of 16 mm and a maximum continuous thrust of 240 N. Further technical details of the micro-stepper motors may be found in Senetakis and Coop [10] . The apparatus is composed of high resolution load cells of a load capacity equal to 100 N [10] and non-contact type displacement sensors [8, 24] which allow a resolution of the displacements of the order of 0.01 micron.
The grains are initially glued onto brass mounts of about 10 mm in diameter. These mounts are fixed into brass wells, as described by Senetakis and Coop [10] with a lateral screw used to support the rigidity of the interface mount-well. Typical image of the brass mounts and wells is given in Figure 8 . Note that the free surface of the mounts is manufactured with a small groove which allows the grain to be better fixed onto the mount and the glue to cover properly the bottom and a part of the surface of the grain avoiding possible contamination of the top surface of the grain where friction and stiffness are measured. The typical configuration of the system mount-glued grain is schematically illustrated in Figure 9 (after Senetakis et al. [6] , modified by the authors). . Schematic illustration of grain-brass mount system (after Senetakis et al. [6] with modifications by the authors).
Testing Program
In the study, eight experiments were conducted on different pairs of grains, as summarized in Table 1 . Seven tests were conducted on LBS pairs of grains and one test was conducted on CDV granules. All the tests were conducted applying a target (nominal) normal load in the range of 1 to 10 N for the LBS grains and at a nominal normal load of 0.5 N for the CDV granules. Note that the CDV granules are very breakable and the applied normal loads can be, in general, in the range of 0.5 to 1.5 N. For relatively high speeds of shearing or in some of the trials by the authors to set CDV granules for the experiments, the grains break during the application of the normal load or during the shearing test. Thus, it is in general difficult to conduct complete tests for this type of material. A typical plot of tangential (horizontal) force-sliding displacement during a test on CDV granules with occurrence of breakage of the grains during the shearing is given in Figure 10 . Note the abrupt drop of the horizontal force at a displacement of about 40 microns due to the crack initiation in the upper grain. At a displacement of about 150 microns, due to the progression of increasing width of the crack of the upper grain, there was observed a second drop of the horizontal force. In such cases, the test could not be considered reliable. The testing program summarized in Table 1 included experiments for which the shearing was conducted smoothly without occurrence (particularly for the CDV pair of granules) of any notable damage or crack initiation to the granules.
All the tests were conducted at a shearing velocity of 0.08 mm/hour allowing a steady state sliding to occur prior to the termination of the tests. Details of the data analysis for this type of experiments may be found in [5, 10] . It is noticed that during the tests, the horizontal force (Fh) and the vertical force (Fv) are monitored. The mobilized inter-particle coefficient of friction (μmob) is given as the ratio of the tangential force (FT) over the normal force (FN). In this study, because the shearing paths were relatively small and the record of the vertical deflection during the tests did not indicate any significant alteration of the vertical positioning of the grains, it was assumed that FT ≈ Fh and FN ≈ Fv. A particular focus of this study was the examination of the effect of repeating the shearing test to the grain contacts. For this purpose, various tests were conducted with code names LBS-1, LBS-2B,LBS-3, LBS-5, LBS-7 and LBS-10, each of them representing the repeating shearing tests conducted at 1,2,3,5,7 and 10N of normal load, respectively. Similar tests were also conducted on CDV at 0.5N and it is represented as CDV-0.5. A total number of four shearing tests were conducted following the same shearing path for each given pair of grains. . Schematic illustration of grain-brass mount system (after Senetakis et al. [6] with modifications by the authors).
In the study, eight experiments were conducted on different pairs of grains, as summarized in Table 1 . Seven tests were conducted on LBS pairs of grains and one test was conducted on CDV granules. All the tests were conducted applying a target (nominal) normal load in the range of 1 to 10 N for the LBS grains and at a nominal normal load of 0.5 N for the CDV granules. Note that the CDV granules are very breakable and the applied normal loads can be, in general, in the range of 0.5 to 1.5 N. For relatively high speeds of shearing or in some of the trials by the authors to set CDV granules for the experiments, the grains break during the application of the normal load or during the shearing test. Thus, it is in general difficult to conduct complete tests for this type of material. A typical plot of tangential (horizontal) force-sliding displacement during a test on CDV granules with occurrence of breakage of the grains during the shearing is given in Figure 10 . Note the abrupt drop of the horizontal force at a displacement of about 40 microns due to the crack initiation in the upper grain. At a displacement of about 150 microns, due to the progression of increasing width of the crack of the upper grain, there was observed a second drop of the horizontal force. In such cases, the test could not be considered reliable. The testing program summarized in Table 1 included experiments for which the shearing was conducted smoothly without occurrence (particularly for the CDV pair of granules) of any notable damage or crack initiation to the granules. All the tests were conducted at a shearing velocity of 0.08 mm/hour allowing a steady state sliding to occur prior to the termination of the tests. Details of the data analysis for this type of experiments may be found in [5, 10] . It is noticed that during the tests, the horizontal force (F h ) and the vertical force (F v ) are monitored. The mobilized inter-particle coefficient of friction (µ mob ) is given as the ratio of the tangential force (F T ) over the normal force (F N ). In this study, because the shearing paths were relatively small and the record of the vertical deflection during the tests did not indicate any significant alteration of the vertical positioning of the grains, it was assumed that F T ≈ F h and F N ≈ F v . A particular focus of this study was the examination of the effect of repeating the shearing test to the grain contacts. For this purpose, various tests were conducted with code names LBS-1, LBS-2B, LBS-3, LBS-5, LBS-7 and LBS-10, each of them representing the repeating shearing tests conducted at 1,2,3,5,7 and 10N of normal load, respectively. Similar tests were also conducted on CDV at 0.5N and it is represented as CDV-0.5. A total number of four shearing tests were conducted following the same shearing path for each given pair of grains. 
Results and Discussion
Typical Plots of Normal Load-Normal Displacement
During the setting of the experiments, a normal load is applied to the grains prior to the shearing procedure. Initially, the grains are set close to their contact and thereafter the upper grain is moving downward with small steps of vertical displacement in order to capture some initial small force with the vertical load cell. Since the vertical load cell indicates a small value, for example 0.1 to 0.2 N, the contact of the grains is established and the target (nominal) load is thereafter applied. This can be implemented in a force-controlled manner (i.e., increasing value of FN with a constant rate to reach the target level) or in a displacement-controlled manner moving the upper grain with small displacement intervals of the order of 1 micron, which results at increasing values of FN up to the target vertical load is reached. Typical plots of normal force-normal displacement during the setup of LBS grains are given in Figure 11 . Note that for the pairs of grains for which a normal load of 2 or 3 N was applied, the normal load-displacement relationship appears to be linear with a good approximation. However, at the greater applied normal load of 7 N, the response is clearly Hertzian [26, 27] . These results are in qualitative agreement with the data by Cole and Peters [24] who studied the normal load-displacement response of gneiss. If power-law curves were fitted to the experimental data shown in Figure 11 , the power that expresses the sensitivity of the normal force to the applied normal displacement would range between about 1.2 and 1.5 for these three tests, which power coincides with the reported trends in [28] . Note that there is a small scatteredness of the normal force-displacement curves in Figure 11 , which might be attributed to some variability of grain contact response between the different LBS grains tested. 
Results and Discussion
Typical Plots of Normal Load-Normal Displacement
During the setting of the experiments, a normal load is applied to the grains prior to the shearing procedure. Initially, the grains are set close to their contact and thereafter the upper grain is moving downward with small steps of vertical displacement in order to capture some initial small force with the vertical load cell. Since the vertical load cell indicates a small value, for example 0.1 to 0.2 N, the contact of the grains is established and the target (nominal) load is thereafter applied. This can be implemented in a force-controlled manner (i.e., increasing value of F N with a constant rate to reach the target level) or in a displacement-controlled manner moving the upper grain with small displacement intervals of the order of 1 micron, which results at increasing values of F N up to the target vertical load is reached. Typical plots of normal force-normal displacement during the setup of LBS grains are given in Figure 11 . Note that for the pairs of grains for which a normal load of 2 or 3 N was applied, the normal load-displacement relationship appears to be linear with a good approximation. However, at the greater applied normal load of 7 N, the response is clearly Hertzian [26, 27] . These results are in qualitative agreement with the data by Cole and Peters [24] who studied the normal load-displacement response of gneiss. If power-law curves were fitted to the experimental data shown in Figure 11 , the power that expresses the sensitivity of the normal force to the applied normal displacement would range between about 1.2 and 1.5 for these three tests, which power coincides with the reported trends in [28] . Note that there is a small scatteredness of the normal force-displacement curves in Figure 11 , Figure 12 shows the whole set of experimental results for the LBS pairs of grains in terms of tangential force against the sliding displacement. These plots corresponded to the first shearing path (i.e. first cycle of sliding one grain over the surface of the second-stationary grain). For a given level of sliding displacement, the data indicated an increase of the tangential force for greater applied normal load. For most tests, a fairly steady state sliding was reached after the completion of a shearing path of about 10 to 20 microns.
Tangential Load-Displacement and Friction for the LBS Grains
The dynamic coefficient of inter-particle friction (μdyn) is defined as the ratio FT/FN at the steady state sliding. Based on this, the measured μdyn values for the LBS grains are summarized in Table 1 . Inspecting these values that corresponded to the first cycle (i.e., first shearing path) for each pair of grains, it is noticed that there is no clear trend observed with the variation of μdyn with the normal load. Consequently, firm conclusions with respect to the potential effect of the normal load on the mobilized inter-particle friction at the steady state cannot be drawn. Figure 12 shows an increase in the tangential force with increasing normal load. Indeed, Senetakis et al. [5] reported a linear increase of the tangential force with increasing the normal load based on a large database of tests on LBS grains, which implies that μdyn may be independent to the applied normal load.
Note that for each given set of grains, after the completion of the shearing test at a given nominal normal load, the contact was lifted off, the lower grain was placed to its initial position through a backward movement of the horizontal micro-stepper motor, and the same grains were set for a new test moving in a downward manner the upper grain reaching again the contact between the grains. Thereafter, a second shearing test was conducted following the same shearing path. It is assumed, based on this process and that the compliance of the system is maintained in the out-of-plane direction, that the second, or subsequent third and fourth shearing, results in testing the grains with repeating cycles maintaining the same contact area and shearing path for the total set of tests for the given pair of grains [5] . This allows a study into the effect of repeating loading (i.e., repeating shearing) on the frictional response of the LBS and CDV granules. Figures 13-16 show the effect of repeating the shearing test to the same pairs of grains at normal loads of 1, 2, 7 and 10 N, respectively. At a normal load of 1 N, there was not observed any clear effect of the repeating shearing on the tangential force-displacement relationship and thus, the interparticle coefficient of friction. At a normal load of 2 N and a given sliding displacement, there was observed a slight drop of the tangential force, and thus the mobilized inter-particle friction, when the shearing test was repeated from the first to the forth cycle. However, between the second and forth cycle, the curves converged. Note also that at these small normal loads of 1 and 2 N, a peak state was Figure 12 shows the whole set of experimental results for the LBS pairs of grains in terms of tangential force against the sliding displacement. These plots corresponded to the first shearing path (i.e. first cycle of sliding one grain over the surface of the second-stationary grain). For a given level of sliding displacement, the data indicated an increase of the tangential force for greater applied normal load. For most tests, a fairly steady state sliding was reached after the completion of a shearing path of about 10 to 20 microns.
The dynamic coefficient of inter-particle friction (µ dyn ) is defined as the ratio F T /F N at the steady state sliding. Based on this, the measured µ dyn values for the LBS grains are summarized in Table 1 . Inspecting these values that corresponded to the first cycle (i.e., first shearing path) for each pair of grains, it is noticed that there is no clear trend observed with the variation of µ dyn with the normal load. Consequently, firm conclusions with respect to the potential effect of the normal load on the mobilized inter-particle friction at the steady state cannot be drawn. Figure 12 shows an increase in the tangential force with increasing normal load. Indeed, Senetakis et al. [5] reported a linear increase of the tangential force with increasing the normal load based on a large database of tests on LBS grains, which implies that µ dyn may be independent to the applied normal load.
Note that for each given set of grains, after the completion of the shearing test at a given nominal normal load, the contact was lifted off, the lower grain was placed to its initial position through a backward movement of the horizontal micro-stepper motor, and the same grains were set for a new test moving in a downward manner the upper grain reaching again the contact between the grains. Thereafter, a second shearing test was conducted following the same shearing path. It is assumed, based on this process and that the compliance of the system is maintained in the out-of-plane direction, that the second, or subsequent third and fourth shearing, results in testing the grains with repeating cycles maintaining the same contact area and shearing path for the total set of tests for the given pair of grains [5] . This allows a study into the effect of repeating loading (i.e., repeating shearing) on the frictional response of the LBS and CDV granules. Figures 13-16 show the effect of repeating the shearing test to the same pairs of grains at normal loads of 1, 2, 7 and 10 N, respectively. At a normal load of 1 N, there was not observed any clear effect of the repeating shearing on the tangential force-displacement relationship and thus, the inter-particle coefficient of friction. At a normal load of 2 N and a given sliding displacement, there was observed a slight drop of the tangential force, and thus the mobilized inter-particle friction, when the shearing test was repeated from the first to the forth cycle. However, between the second and forth cycle, the curves converged. Note also that at these small normal loads of 1 and 2 N, a peak state was apparent, which was more pronounced at FN = 1 N. At a normal load of 7 and 10 N (Figures 15 and 16) , there was not reached a peak state during the shearing of the grains and the sliding continued with decreasing rate of tangential force increase, reaching a fairly steady state of sliding. Note that for these greater normal loads, the repeating shearing tests led to an increase of the inter-particle coefficient of friction. Figure 17 gives a summary, in terms of histograms, of the effect of the repeating shearing tests on the dynamic inter-particle coefficient of friction. These results illustrated the different responses of the LBS grain contacts at small normal loads (1 to 5 N) and greater normal loads (7 and 10 N).
Energies 2017, 10, 370 11 of 16 apparent, which was more pronounced at FN = 1 N. At a normal load of 7 and 10 N (Figure 15 and  16) , there was not reached a peak state during the shearing of the grains and the sliding continued with decreasing rate of tangential force increase, reaching a fairly steady state of sliding. Note that for these greater normal loads, the repeating shearing tests led to an increase of the inter-particle coefficient of friction. Figure 17 gives a summary, in terms of histograms, of the effect of the repeating shearing tests on the dynamic inter-particle coefficient of friction. These results illustrated the different responses of the LBS grain contacts at small normal loads (1 to 5 N) and greater normal loads (7 and 10 N). apparent, which was more pronounced at FN = 1 N. At a normal load of 7 and 10 N (Figure 15 and  16) , there was not reached a peak state during the shearing of the grains and the sliding continued with decreasing rate of tangential force increase, reaching a fairly steady state of sliding. Note that for these greater normal loads, the repeating shearing tests led to an increase of the inter-particle coefficient of friction. Figure 17 gives a summary, in terms of histograms, of the effect of the repeating shearing tests on the dynamic inter-particle coefficient of friction. These results illustrated the different responses of the LBS grain contacts at small normal loads (1 to 5 N) and greater normal loads (7 and 10 N). In their study, Senetakis et al. [6] quantified, for a limited number of tests, the damage to the grain surface due to shearing experiments on LBS grains. In particular, they examined the surface roughness of the grains tracking the shearing path before and after the conduction of micromechanical sliding tests. Senetakis et al. [6] reported a reduction of the surface roughness of the order of 20% to 60%, but this reduction may have been the coupled result of the application of the normal load and the shearing test. Similar observations were reported by Senetakis et al. [7] testing crushed limestone grains in their recent study. It is possible that this reduction of the surface roughness may have resulted in slightly different responses between the first and second cycle of shearing for the test at FN = 2 N. This is because the first shearing showed a peak state which was less apparent during the successive cycles, and that after the first cycle, the inter-particle friction dropped but without further notable reduction for the third and fourth shearing test. At a normal load of 1 N, it is assumed that the damage of the surface roughness might be less pronounced, which would explain the very similar shapes of the tangential force-displacement plots which were independent to the cycle number as well as the less pronounced effect of the number of shearing cycle on the interparticle coefficient of friction. At a greater normal load of 7 or 10 N, the absence of a peak state might be explained by the possible plowing effects [9] , which resulted in an increase of the inter-particle Figure 17 . The effect of the shearing cycles on the inter-particle friction ratio of LBS grains.
In their study, Senetakis et al. [6] quantified, for a limited number of tests, the damage to the grain surface due to shearing experiments on LBS grains. In particular, they examined the surface roughness of the grains tracking the shearing path before and after the conduction of micromechanical sliding tests. Senetakis et al. [6] reported a reduction of the surface roughness of the order of 20% to 60%, but this reduction may have been the coupled result of the application of the normal load and the shearing test. Similar observations were reported by Senetakis et al. [7] testing crushed limestone grains in their recent study. It is possible that this reduction of the surface roughness may have resulted in slightly different responses between the first and second cycle of shearing for the test at F N = 2 N. This is because the first shearing showed a peak state which was less apparent during the successive cycles, and that after the first cycle, the inter-particle friction dropped but without further notable reduction for the third and fourth shearing test. At a normal load of 1 N, it is assumed that the damage of the surface roughness might be less pronounced, which would explain the very similar shapes of the tangential force-displacement plots which were independent to the cycle number as well as the less pronounced effect of the number of shearing cycle on the inter-particle coefficient of friction. At a greater normal load of 7 or 10 N, the absence of a peak state might be explained by the possible plowing effects [9] , which resulted in an increase of the inter-particle coefficient of friction when the shearing test was repeated. As reported by Yang et al. [9] , plowing effects might result because of the shearing process. It is believed that further systematic study is necessary investigating and quantifying the shearing track and the surface roughness of the grains accounting for the role of the magnitude of the applied normal load as well as how the surface damage is affected by the number of shearing cycles. Figure 18 shows the plots of tangential load-displacement for the four repeating shearing tests on a pair of CDV granules. It is interesting to notice that only the first shearing gave a peak state and the subsequent shearing cycles resulted at increasing force with a hardening regime followed by a steady state response without occurrence of a peak state. Perhaps, due to the softer nature of the CDV granules contacts, more pronounced damage could result after the first shearing test with smoother surfaces giving rise to slightly different shapes of the tangential force-displacement plots for the subsequent shearing tests. The µ dyn values from this set of tests are summarized in Table 1 . During the repeating shearing tests the LBS grains had a dynamic inter-particle coefficient of friction that ranged between about 0.18 and 0.38, but the CDV granules exhibited much greater friction with µ dyn values that ranged between 0.54 and 0.66. These high friction values for the CDV granules might be, partly, due to their rougher surfaces. Cavarretta et al. [4] reported an increase of the inter-particle coefficient of friction for glass ballotini when the surface roughness was artificially increased, but the reported data were scattered particularly for rougher surfaces. On the other hand, Pohlman et al. [29] reported that for chrome steel balls, the inter-particle coefficient of friction is greater for smoother surfaces due to the increased stiction.
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surfaces giving rise to slightly different shapes of the tangential force-displacement plots for the subsequent shearing tests. The μdyn values from this set of tests are summarized in Table 1 . During the repeating shearing tests the LBS grains had a dynamic inter-particle coefficient of friction that ranged between about 0.18 and 0.38, but the CDV granules exhibited much greater friction with μdyn values that ranged between 0.54 and 0.66.
These high friction values for the CDV granules might be, partly, due to their rougher surfaces. Cavarretta et al. [4] reported an increase of the inter-particle coefficient of friction for glass ballotini when the surface roughness was artificially increased, but the reported data were scattered particularly for rougher surfaces. On the other hand, Pohlman et al. [29] reported that for chrome steel balls, the inter-particle coefficient of friction is greater for smoother surfaces due to the increased stiction. The latter interpretation could perhaps explain the high friction values of the CDV granules considering their soft nature and the possible more pronounced damage to their asperities in comparison to the LBS grains. Thus, the observations of this study clearly indicate that further systematic study is necessary to an important extent as the real mechanisms of friction have not been completely understood and there are inconsistent hypotheses in the literature explaining the mechanisms that take place affecting the friction of geological and other materials. The explanation of these mechanisms could be, partly, related to the behavior at the atomic level and the possible distortion of the surfaces for the CDV granules which are much softer than the LBS grains. For The latter interpretation could perhaps explain the high friction values of the CDV granules considering their soft nature and the possible more pronounced damage to their asperities in comparison to the LBS grains. Thus, the observations of this study clearly indicate that further systematic study is necessary to an important extent as the real mechanisms of friction have not been completely understood and there are inconsistent hypotheses in the literature explaining the mechanisms that take place affecting the friction of geological and other materials. The explanation of these mechanisms could be, partly, related to the behavior at the atomic level and the possible distortion of the surfaces for the CDV granules which are much softer than the LBS grains. For example, Sha et al. [30] reported that the increase of the confining force may lead to surface distortion by means of atom lost.
Conclusions
The study reported micromechanical inter-particle sliding tests exploring the frictional response of Leighton Buzzard sand (LBS) quartz grains and completely decomposed volcanic granules (CDV). The experiments were conducted on pairs of grains applying a target normal load that was equal to 1, 2, 3, 5, 7 and 10 N for the LBS and 0.5 N for the CDV. The sliding tests were applied in a displacement-controlled manner with a velocity of 0.08 mm/h. The tangential force-displacement relationship was notably affected by the level of the applied normal load and material type. At lower magnitudes of the normal load, there was observed a decrease of the inter-particle friction when the shearing test was repeated for the LBS grains, but the opposite trend was observed at greater normal loads of 7 and 10 N. It is believed that surface damage of the asperities and plowing effects might have contributed to these observed trends. The CDV granules exhibited much greater inter-particle coefficient of friction in comparison to the LBS grains. Roughness, material properties and the possible role of the distortion of the surfaces at the atomic level might have contributed to the observed trends from the micromechanical experiments.
